The subsurface internal geometry of Rima River floodplain located in north-western area of Nigeria was investigated using 2D resistivity imaging, vertical electrical sounding (VES) and laboratory analyses. Four profiles were acquired using Wenner array. The apparent resistivity computed was used to produce 2D electrical resistivity pseudosections using RES2DINV software. A total of nine VESs were acquired along the four profiles in the study area with AB/2 of 1 to 100 m. Quantitative interpretation of VES curves was done by partial curve matching and computer-assisted 1D forward modelling with the WinResist version 1.0 software. Five pits were dug along the profiles to confirm the interpreted results from the geophysical surveys. Soil samples were collected from the pits at various depths, and hydraulic conductivity (K) was estimated in the laboratory using the constant head permeability test following standard procedure. Interpretations of electrical resistivity technique show three to four subsurface layers including topsoil, sandy material and clay/saturated clayey materials. The sandy material is believed to be saturated with water with appreciable amount of porosity and permeability. This layer was further confirmed by pitting around the study area. From the laboratory and empirical estimation of K, it was discovered that the K value ranges from 10 −2 to 10 −6 m/s, which shows that the sample is clean sand which is moderately to highly permeable. The grain size analysis revealed from the cumulative plot that the sample falls predominantly within medium-sized sand, which makes the study area a good aquifer system.
Introduction
The mapping of lithology and geometry of sand and gravel, channels and valley fills is very important. This is because they are economically significance in that they can serve as reservoirs in both groundwater and hydrocarbon exploration. They can also serve as sources of placer deposits (gold, tin and diamonds) that are of economic importance. Furthermore, floodplains are very essential for agricultural practice in the north-western part of Nigeria in that they are irrigation potentials and could serve as a major source of groundwater for domestic consumption and livestock grazing. The decline in the amount of rainfall in the semiarid northern Nigeria due to climate change has made floodplains in these zones to be under pressure from several sources (Anyadike 1983; Hess et al. 1995) . Ette et al. (2017) stated that groundwater is very essential in Sokoto basin due to the decline in the amount of rainfall that falls for few months in the basin area. Also, the sources of surface water in the area usually become unproductive at the peak of dry season. Therefore, farmers and the inhabitants of the lowland areas need to shift their attention to floodplain shallow groundwater resources which have been used for irrigation and domestic uses since 1980s (Hamidu et al. 2017) . Therefore, the objectives of this study are to determine the lithology of the subsurface layers, the aquifer characteristics and properties of a floodplain, to correlate the geoelectric parameter and hydrologic properties and to characterize the hydrogeology setting of the area with the view to delineating the potential areas for exploiting groundwater.
The above-stated objectives could be achieved by either borehole geophysical techniques or surface geophysical techniques such as ground penetrating radar (GPR), electrical resistivity and seismic method. However, surface electrical resistivity method has proven to be an effective method for mapping the subsurface based on the varying magnitudes of the flow of electric current (Revil et al. 2012; Loke et al. 2013; Adabanija and Oladunjoye 2014; Stan and Stan-Kleczek 2014; Sanuade et al. 2017; Adeeko and Samson 2018; Olaseeni et al. 2018; Olaojo et al. 2018; Oyeyemi et al. 2018 ). The method is nondestructive, very sensitive and less expensive than other geophysical techniques such as seismic and GPR (Mostafa and Radwan 2017; Riwayat et al. 2018) . It offers a very attractive tool for describing the subsurface properties without digging. Moreover, in order to understand the condition of groundwater flow and the movement of dissolved substance in the aquifer, reliable information on the magnitude of the hydraulic conductivity (K) of the aquifer system is required (Altunkaynak 2007) . Several laboratory and field methods can be used for characterization of hydraulic properties of aquifer unit (Hogan et al. 2006; Das et al. 2010; Sobotkova et al. 2011; Alagna et al. 2015) . There has been advancement in the field scale method of measurements and evaluation of hydraulic properties in different aquifer settings (Bouwer 1989; Butler and Zhan 2004; Fallico 2014; Siltecho et al. 2015) .
The study area is located within the floodplain along Rima River in Wamako local government area of Sokoto State, north-western Nigeria (Fig. 1 ). The area covers approximately 30,000 m 2 and is located within latitude N13°06′58″ and 13°07′24″ and longitude 5°15′03″ and 5°15′38″. The terrain in the study area is gently undulating and relatively flat with general absence of major rock exposures. The drainage pattern within the area is subdendritic, made up of dry river and stream channels. The study area falls within a semiarid type of climate condition, that is, the Sahel climate zone with average precipitation between 250 and 500 mm. The raining season extends from mid-May to September while the dry season lasts for more than 7 months starting in November all through until April of the following year. During the dry season, the temperature is high in the day but drops considerably in the night hours due to high rate of transpiration during the day and cloudless sky which forms all night. The vegetation belt of the area falls within the Sahel savannah which is characterized by almost continuous short grasses, shrubs and sparse tree covers.
Geology of the study area
The study area falls within the Sokoto basin. The basin covers about 10% in total area of the Lullemeden Basin. Sedimentation in the Sokoto basin occurred in three phases (Kogbe 1979; Bassey and Eminue 2014) . The sediment of the first phase directly overlies the basement rocks. This basal sequence of the Sokoto basin belongs to Gundumi and Illo Formations and has been assigned as Pre-Maastrichtian deposits (Kogbe 1979) . The second phase has been divided by two cyclothems Maastrichtian and Palaeocene age, respectively. The cyclothems were attributed to the beginning of the Maastrichtian transgression (Kogbe 1979) . The sea moved northward from the gulf of Guinea through the Mid-Niger Basin, and the Tethyan Sea moved southward from the north. During this period, Taloka, Dukamaje and Wurno were deposited unconformably on the continental sequence. The presence of the Maastrichtian and Palaeocene unconformity was indicative of break in sedimentation between the Maastrichtian and Palaeocene (Kogbe 1979) . The Palaeocene cyclothems took place in the Palaeocene during which Sokoto Group (Dange, Kalambaina and Gamba Formations) were deposited. The third phase started with the gradual withdrawal of the sea at the end of the Palaeocene and a subsequent laying down of the continental Gwandu Formation in the Eocene (Kogbe 1979) . All these sediments dip gently and thicken gradually toward the northwest. The stratigraphy of the Sokoto basin is shown in Fig. 2 .
The Gundumi Formation is a fluvio-lacustrine deposit having conglomerate as the contact with the basement. Its lithologies are mostly pseudobedded massive feldspathic clayey grits, pebbly sand and conglomerates. Illo Formation is about 240 m thick, and it is considered a lateral equivalent of the Gundumi Formation. The formation is mostly made up of cross-bedded grits with intercalations of pisolitic and nodular clay. It consists essentially of nonmarine sediment. The lithologies in Taloka Formation include the basal reddish brown siltstone, the shaly siltstone, whitish grey alternating with purple siltstone, white grey siltstone alternating with the brown siltstone and grey clayey siltstone. Its thickness is estimated to be about 6 m. It is Maastrichtian and brackish with brief marine intercalation. It is lying conformably on the Illo Formation. Dukamaje Formation consists predominantly of shales (grey) interbedded with gypsum with some limestone and mudstone. The shale contains numerous fragments of vertebrae and limb bones. The base of the Dukamaje Formation is distinctively marked by a bone bed which is very richly fossiliferous. Wurno Formation consists of sediments made of pale-coloured, friable and fine-grained sandstones, siltstones and intercalated mudstones. The sedimentary structures include bioturbation, flaser bedding (also characteristic of the Taloka Formation). Dange Formation consists of slightly indurated bluish grey shales interbedded with thin layers of yellowish brown limestone. The shale includes bands of gypsum with irregularshaped phosphatic nodules. The nodules are marked with irregular striations and tend to have a dirty white colour but internally they are bluish grey. Kalambaina Formation is in conformable contact with the underlying Dange Formation. It consists of a white marine, clayey limestone and shale (Reyment 1965; Kogbe 1976) . Due to the dissolution of limestone, the subsurface thickness of this formation is quite hard to ascertain because it varies, but a maximum thickness recorded from the borehole is over 20 m. Gamba Formation overlies the calcareous Kalambaina Formation which is the grey laminated shale of the Gamba Formation. The shales of the Gamba Formation appear to be folded resulting from the dissolution of the Kalambaina limestone which overlies it directly. Gwandu Formation is made up of thick series of deposits consisting predominantly of red and mottled massive clays with sandstone intercalations. Outcrops of the Gwandu Formation cover about 21,739 km 2 in north-western Nigeria. It contains a number of prominent ridges and groups of flat-topped, steep-sided hills capped by ironstones. Rock exposures are rare on the plain, but numerous on the hillsides where they are usually small and obscured by rain wash and ironstones. 
Methodology

Geophysical survey
A geophysical survey involving the electrical resistivity method was carried out in the study area using Schlumberger and Wenner electrode arrays. Four profiles were acquired using Wenner array with two along west-east azimuth and two oriented along north-south azimuth (Fig. 3) . The computed apparent resistivity values were used to construct 2D electrical resistivity pseudosection using RES2DINV software by Loke (2000) . Vertical electrical sounding (VES) was carried out along all the four traverses. A total of nine VESs were acquired in the study area with AB/2 of 1 to 100 m. The apparent resistivity values were then plotted against half the current electrodes spacing (AB/2) on bilogarithmic coordinates. VES curves were interpreted quantitatively by partial curve matching and computer-assisted 1D forward modelling with the WinResist version 1.0 software. Five pits were also dug along the profiles, three on the profile along E-W azimuth and two on profiles along N-S (Fig. 3) to ground truth the interpreted results. It should be noted that the depth correlation between 2D pseudosection and borehole data was done at different scales as the scale of the RES2DINV software cannot be adjusted; however, the correlations were carefully done.
Sample collection
Soil samples were collected from the five pits at intervals of 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 m and kept in polythene bags. The pitting was terminated when the water table was reached. Laboratory grain size analysis and permeability test were carried out on each sample.
Laboratory analysis
Grain size analysis
The samples were air-dried, and since the samples were friable; disaggregation was done with fingers, while some were done with pestle and mortal. This was followed by sieve analysis using standard laboratory procedure ASTM D 6913 (ASTM 2017). Cumulative curves were plotted from the grain size analysis data, and relevant textural parameters were also deduced.
Hydraulic conductivity determination
Laboratory determination of hydraulic conductivity was carried out using the constant head permeability test following standard procedure (ASTM D2434-68). The set-up of the permeameter tests was based on the principle of Darcy's experiment which established the relationship between the flux of water through a porous medium and the hydraulic head difference at both ends of the medium.
Results and discussion
Electrical resistivity survey
Profile 1
The inversion model shows four lithological units. The first layer is the topsoil having resistivity values between 38 and 92 Ωm. This layer could be referred to as clayey (Adelana et al. 2002) sand due to the resistivity values (Loke 2000) . It occurs up to depth of about 2.5 m and extends to station 130 m. The layer has pockets of clay embedded within it occurring at stations 30-50 m. Next to this layer is a prominent highresistivity zone (224 to > 348 Ωm) at a depth of about 2.5 to 17.5 m (Fig. 4a ) which is suggestive of sandy formation. The sand formation layer is believed to be saturated with water because of the resistivity of this layer. Below the high-resistivity zone is a clayey sand with resistivity value between 38 Ωm and 92 Ωm. The last layer is a low-resistivity (16-38 Ωm) portion which could be clay formation, because of the extremely low resistivity value (Loke 2000) .
The lithological horizon of pit 1 (Fig. 4b) indicates clay with thickness between 0 and 1 m and fine sand having thickness variation between 1 and 2.5 m. The result of the profile in pit 1 corroborates the geometry of sand bodies observed on the pseudosection.
Profile 2
The pseudosection in Fig. 5a shows four geoelectric sequences. The first layer is a topsoil with low-resistivity (31-47 Ωm) zone extending from station 19 to about 135 m and having a depth of about 2.6 m. The second layer is a considerably high-resistivity (72-> 167 Ωm) zone extending from station 6 to about 142 m and occurring at a depth of about 15.9 m. This layer could be a sandy formation (Loke 2000) and is suspected to be filled with water because of its resistivity values. Below this layer is clayey sand formation with resistivity value between 31 and 47 Ωm. The fourth layer is a very low-resistivity (9 and 13 Ωm) zone of clay formation (Loke 2000) . The soil profile of pit 2 in Fig. 5b also shows clay with thickness between 0 and 1.5 m and fine sand that occurred between 1.5 and 2.5 m. This agrees with the pseudosection for the characterization of the geometry of floodplain in the area.
Profile 3
From the pseudosection in Fig. 6 , a low-resistivity topsoil was observed extending from station 68 to about 145 m with a depth of about 2.8 m; also a small low-resistivity portion was seen extending between stations 35 and 45 m at a depth between 2.7 and 7.1 m. High-resistivity (214-> 644 Ωm) portions were observed at stations 15-35 m and 45-140 m at depths between 3.75 and 12.4 m. Below this high-resistivity zone are very low-resistivity portions which could be clay or saturated clay in nature (Loke 2000) .
Profile 4
The pseudosection in Fig. 7 shows a distorted subsurface probably due to the nature of this area. This profile was run on a site that was formerly a river, and therefore, it is expected that several sediments or alluvial sediments had been deposited over a long period of time compared to other profiles. However, the section generally shows three geoelectric sequences. A low-resistivity (3-13 Ωm) topsoil was observed at stations 122 to about 159 m occurring at a depth of about 2.3 m and at stations 30-70 m at a depth of about 9.26 m. This layer could be said to be clay due to the very low resistivity. A high-resistivity (219-> 444 Ωm) layer, believed to be saturated with water, was observed between stations 40 to 50 m (depth is between 3.75 and 7.1 m) and 70 to 95 m (at depth of 2.7 m downward). This layer could be sand formation. The third layer has resistivity between 26 and 108 Ωm which is suggestive of clayey sand formation. 
Results of VES
Typical representatives of the apparent resistivity curves obtained from the study area are shown in Fig. 8 while the results of interpretation of the curves are given in Table 1 . The results of VES corroborate those of 2D resistivity imaging in that three layers were delineated which are topsoil, sandy material and clayey/saturated clayey material. The VES results show the resistivity of the first layer (topsoil) varies between 10 and 106 Ωm having thickness of about 1.8 m, while resistivity value of the second layer ranges between 129 and 447 Ωm with thickness of about 12 m which could be sandy material. This layer is believed to be saturated with water because of the resistivity of the layer, and also, the sandy material could be highly porous and highly permeable. The third layer delineated by VES is the clayey/saturated clayey material.
Hydrogeologic properties
In order to understand the properties of the sandy material that could serve as aquifer in the floodplain, the results of grain size distribution of the study area from different levels in the pits within Wamako floodplain are presented in Fig. 9a , b. As shown in the figure, most of the samples are predominantly within uniform medium sand range, which could indicate that the sands are porous and moderately permeable.
Hydraulic conductivity (K)
The results of the hydraulic conductivity (K) test are presented in Table 2 . The test was carried out to test the permeability of the sands.
The estimated K values range between 7.63 × 10 −5 and 2.13 × 10 −6 m/s. which fall within a range of 10 −2 -10 −6 
Conclusions
The geophysical investigation involving electrical resistivity method has been used to understand the internal geometry and heterogeneity of the floodplain aquifer system. From the VES and 2D resistivity interpretations, three to four subsurface layers were delineated: the topsoil, sandy material and clayey materials. The VES results show the resistivity of the first layer (topsoil) varies between 10 and 106 Ωm with thickness of about 1.8 m, while resistivity value of the second layer ranges between 129 and 447 Ωm with thickness of about 12 m which could be sandy material. This layer is believed to be saturated with water because of the resistivity of the layer, and also, the sandy material could be highly porous and highly permeable. This layer was further confirmed by pitting around the study area. The pitting was abruptly stopped because the water table is very close to the surface (2.5-3.0 m), and this indicates that the aquifer is within the sandy material. The third and fourth layers are believed to be clay/saturated clayey materials having resistivity values ranging from 13 to 53 Ωm. Also the hydraulic test revealed that the sandy material is highly permeable and this allows high movability and supply of groundwater within the floodplain. Hydrogeologically, the topsoil is not important because the degree of water saturation in this layer is very low and cannot be utilized for groundwater. The second layer is relevant in the groundwater prospecting, especially because it is thick enough and the amount of water saturating is high, and also it could serve as a major component of the aquifer in the study area. Based on the result of this investigation, the development of groundwater in the study area is feasible. This is expected to support large-scale farming which floodplain in the study area is mostly used for. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
